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a b s t r a c t
To preserve genome integrity, an evolutionarily conserved small RNA-based silencing mechanism involving
PIWI proteins and PIWI-interacting RNAs (piRNAs) represses potentially deleterious transposons in animals.
Although there has been extensive research into PIWI proteins in bilaterians, these proteins remain to be
examined in ancient phyla. Here, we investigated the PIWI proteins Hywi and Hyli in the cnidarian Hydra, and
found that both PIWI proteins are enriched in multipotent stem cells, germline stem cells, and in the female
germline. Hywi and Hyli localize to the nuage, a perinuclear organelle that has been implicated in piRNA-
mediated transposon silencing, together with other conserved nuage and piRNA pathway components. Our
ﬁndings provide the ﬁrst report of nuage protein localization patterns in a non-bilaterian. Hydra PIWI proteins
possess symmetrical dimethylarginines: modiﬁed residues that are known to aid in PIWI protein localization to
the nuage and proper piRNA loading. piRNA proﬁling suggests that transposons are the major targets of the
piRNA pathway in Hydra. Our data suggest that piRNA biogenesis through the ping-pong ampliﬁcation cycle
occurs in Hydra and that Hywi and Hyli are likely to preferentially bind primary and secondary piRNAs,
respectively. Presumptive piRNA clusters are unidirectionally transcribed and primarily give rise to piRNAs that
are antisense to transposons. These results indicate that various conserved features of PIWI proteins, the piRNA
pathway, and their associations with the nuage were likely established before the evolution of bilaterians.
& 2013 The Authors. Published by Elsevier Inc. All rights reserved.
Introduction
Maintaining genomic stability is especially important in the
germline because these cells give rise to gametes, which transmit
genetic information to future generations. To safeguard against
genome disruption caused by transposable elements, an evolutio-
narily conserved pathway involving PIWI-class proteins and their
associated 25–30 nt long PIWI-interacting RNAs (piRNAs) oper-
ates in animal gonads. PIWI proteins suppress transposons through
transcriptional and post-transcriptional silencing (Brennecke et al.,
2007; Gunawardane et al., 2007; Kuramochi-Miyagawa et al., 2008;
Le Thomas et al., 2013). Similar to other Argonaute proteins, PIWI
proteins are guided by bound piRNAs to their targets during
post-transcriptional silencing. piRNA production in the germline
comprises a primary biogenesis process, in which transposons or
transcripts that are antisense to transposons are parsed into
primary piRNAs, and a secondary ampliﬁcation system known as
the ping-pong cycle, which involves the slicing of both sense and
antisense transposon transcripts (Aravin et al., 2008; Brennecke
et al., 2007; Gunawardane et al., 2007; Li et al., 2009; Malone et al.,
2009).
Within germline cells, cytoplasmic PIWI proteins localize to a
perinuclear organelle known as the nuage (Eddy, 1975). In addition
to PIWI proteins, many components of the piRNA pathway are
enriched in the nuage, which has led to the hypothesis that the
nuage is a site of piRNA production and transposon silencing
(Brennecke et al., 2007; Li et al., 2009; Malone et al., 2009; Shoji
et al., 2009). Interestingly, cytoplasmic bodies that are highly
similar to the nuage have been observed in the multipotent stem
cells (MPSCs) of the non-bilaterian Hydra, raising the possibility
that the piRNA pathway might function in the MPSCs of basal
metazoans (Hobmayer et al., 2012; Holstein et al., 2010; Noda and
Kanai, 1977). Indeed, piwi transcripts and putative piRNAs have
recently been identiﬁed in Hydra (Krishna et al., 2013; Nishimiya-
Fujisawa and Kobayashi, 2012). Hydra polyps possess only two cell
layers, the ectoderm and endoderm, which primarily consist of
mitotically active epithelial cells that display stem cell-like char-
acteristics (Fig. 1A, orange cells) and their derivatives (Hobmayer
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et al., 2012). A third cell lineage originates from interstitial stem
cells (I-cells) that are housed within the interstitial spaces of
ectodermal epithelial cells (Fig. 1A, blue cells). There are two
subpopulations of I-cells: germline stem cells (GSCs), which give
rise solely to germline cells, and MPSCs, which are capable of
producing both somatic cells and GSCs (Fig. 1B) (David, 2012;
Nishimiya-Fujisawa and Kobayashi, 2012). piwi mRNAs are
expressed in epithelial cells and I-cells, though at notably higher
levels in I-cells (Nishimiya-Fujisawa and Kobayashi, 2012). Puta-
tive Hydra piRNAs were observed to be modulated during head
regeneration, suggesting that piwi genes and piRNAs may play
biological roles in Hydra (Krishna et al., 2013).
Despite the aforementioned lines of evidence pointing to the
existence of conserved core piRNA pathway machinery in basal
metazoans, PIWI proteins remain to be explored in early-diverging
phyla. In this study, we characterized PIWI proteins in the
cnidarian Hydra. Our data suggest that various features of PIWI
proteins and the piRNA pathway are conserved in ancient phyla.
Our results also support the view that PIWI proteins may play
broader roles in the stem cells of basal metazoans.
Materials and methods
Animals and culture conditions
Hydra magnipapillata (105), H. magnipapillata (sf-1), Hydra vulgaris
(Zürich), H. vulgaris (AEP) and transgenic Cnnos1::eGFP H. vulgaris
(AEP) polyps (gifts from Hiroshi Shimizu and Thomas C. G. Bosch)
were cultured at 1871 1C under a 12:12 h light–dark cycle in beakers
with modiﬁed ‘M’ solution as the culture medium (Takano and
Sugiyama, 1983). The polyps were fed three times weekly with newly
hatched brine shrimp nauplii.
Identiﬁcation of piwi genes and orthologs of mouse maelstrom
and TDRD9 in Hydra
With the amino acid sequences of PIWI family proteins from
mouse and Drosophila as queries, BLASTP and TBLASTN searches
were run against non-redundant protein sequences of H. magni-
papillata available at the National Center for Biotechnology Infor-
mation (NCBI), which includes predicted protein sequences, and
three DNA sequence databases for H. magnipapillata: whole-
genome shotgun contigs from NCBI, whole-genome shotgun con-
tigs from the Joint Genome Institute, and expressed sequence tags
from NCBI. Apart from hywi and hyli, we found no other piwi
family genes in the Hydra genome.
With the amino acid sequences of mouse and Drosophila
Maelstrom (Mael) and TDRD9 as queries, BLASTP and TBLASTN
searches were run against the Hydra databases listed above. Hydra
sequences with high similarity scores were veriﬁed as Mael and
TDRD9 orthologs by performing BLASTP searches against the
mouse and Drosophila non-redundant NCBI protein databases (i.
e., reciprocal BLAST).
Phylogenetic analysis
Phylogeny.fr (Dereeper et al., 2008) was employed for phylogenetic
analysis. Multiple sequence alignment was performed with T-Coffee
(6.85) on fused PAZ, MID, and PIWI domain sequences of PIWI proteins
Fig. 1. Hydra has a simple body plan and two piwi genes. (A) Diagram of a Hydra polyp showing the organization of the main cell types along the body column. Ectodermal and
endodermal epithelial cells (orange) are separated by themesoglea (gray). Interstitial stem cells (I-cells, blue) reside between ectodermal epithelial cells. I-cells are strictly contained
along the body column of the polyp and are not found in the head or foot regions, which contain only terminally differentiated cells. Gland cells: purple; nerve cells: red;
differentiating nematoblasts and nematocyte (stinging cell): green. (B) Schematic of the interstitial cell lineage. I-cells consist of two subpopulations: multipotent stem cells (MPSCs)
and germline stem cells (GSCs). MPSCs give rise to somatic gland cells, nerve cells, nematocytes, and GSCs. GSCs only produce germline cells. (C) The two Hydra PIWI proteins, Hywi
and Hyli, possess the conserved PAZ (30 RNA anchor), MID (50 RNA anchor), and PIWI (slicer activity) domains. Percent identities are displayed above the percentage of positive
substitutions for the full-length proteins and respective regions. (D) Phylogram of the combined PAZ, MID, and PIWI domains constructed using the neighbor-joining method.
Bootstrap supports are indicated in percentage at the nodes and were computed from 1000 replicates. Hydra PIWI proteins are highlighted in yellow. Representing bilateria are
PIWI proteins from the phyla Vertebrata (red), Echinodermata and Urochordata (magenta), Ecdysozoa (dark green), and Lophotrochozoa (light green). Representing non-bilaterians
are PIWI proteins from the phyla Cnidaria (dark blue) and Porifera (light blue). Scale bar: 0.6 substitutions per amino acid position.
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from various organisms (Juliano et al., 2011). Alignment curation was
conducted with Gblocks (0.91b). BioNJ was used to generate trees
using the neighbor-joining distance-matrix method (Gascuel, 1997).
The tree searching maximum likelihood analysis was conducted with
PhyML (3.0) (Guindon et al., 2010). TreeDyn (198.3) was used for
phylogram generation. The National Center for Biotechnology Infor-
mation accession numbers can be found in Table S1.
RACE and gene cloning
First-strand cDNA for 50 and 30 RACE was synthesized with the
SMART RACE cDNA ampliﬁcation kit according to the manufac-
turer's instructions (Clontech). Degenerate PCR was performed
using primers 1 and 2 (Table S2), and the resulting PCR fragment
was cloned into the pCR 2.1 TOPO TA cloning vector (Invitrogen).
RACE primers 3–8 (Table S2) were designed based on this PCR
fragment sequence, and 30 and 50 nested RACE PCR was performed
to obtain the full-length hyli sequence (GenBank Accession num-
ber: KF411462). To clone hywi (GenBank Accession number:
KF411461), the primary degenerate PCR product was digested
with HinfI and resolved by agarose gel electrophoresis. The
undigested band was excised and cloned as above. RACE was
conducted for hywi using speciﬁc primers 7–10 (Table S2).
RACE primers 11–18 (Table S2) were designed for Hydra mael
(DDBJ accession number: AB840995) and tdrd9 (DDBJ accession
number: AB840996). RACE was performed on cDNA synthesized
using the GeneRacer RACE Ready cDNA kit (Invitrogen). cDNAs
were cloned into pCR4 vectors (Invitrogen).
Antibody generation
Anti-Hywi and anti-Hyli antibodies were raised against glu-
tathione S-transferase (GST)-tagged N-terminal peptides that
corresponded to amino acids 1–120 and 36–156 of Hywi and Hyli,
respectively. Fragments were ampliﬁed from hywi and hyli cDNA
clones with primers 19 and 20 (Table S2) and 21 and 22 (Table S2),
respectively; cloned into pENTR/D-TOPO (Invitrogen); and then
recombined into pDEST15 (Invitrogen) for antibody generation
and into pDEST17 (Invitrogen) to generate His-tagged antigens for
antibody blocking assays. Rabbits and guinea pigs were immu-
nized with GST fusion peptides that had been puriﬁed using
Glutathione Sepharose High Performance (Amersham Biosciences)
in accordance with the manufacturer's protocol.
Anti-Mael antibodies were generated against GST-tagged Mael
peptides corresponding to amino acids 1–105 of H. magnipapillata
Mael. Primers 23 and 24 (Table S2) were used to obtain amplicons
from the mael cDNA clone. Amplicons were cloned into pENTR/D-
TOPO (Invitrogen) and recombined into pDEST15 (Invitrogen).
Peptide antigens were puriﬁed as described above and used to
immunize rats.
Anti-TDRD9 antibodies were raised against His-tagged TDRD9
peptides corresponding to amino acids 2–108 of H. magnipapillata
TDRD9. Amplicons from the tdrd9 cDNA clone were obtained using
primers 25 and 26 (Table S2), cloned into pENTR/D-TOPO (Invitro-
gen), and recombined into pDEST17 (Invitrogen). Peptide antigens
were puriﬁed using Ni Sepharose High Performance (Amersham
Biosciences) and used to immunize guinea pigs.
Western blotting
Protein extracts were obtained by homogenizing polyps on ice
in 2 sample buffer [4% (w/v) sodium dodecyl sulfate (SDS),
200 mM dithiothreitol, 300 mM Tris–HCl (pH 6.8), 20% (v/v)
glycerol, 0.04% (w/v) bromophenol blue] and denatured by boiling
for 5 min. Western blotting was performed according to standard
procedures.
The following antisera and primary antibodies were used:
guinea pig anti-Hywi (1:12,000; this study), guinea pig anti-Hyli
(1:4000; this study), mouse monoclonal Y12 anti-sDMA (1:1000;
Thermo Scientiﬁc), rabbit SYM11 anti-sDMA (1:12,000; Millipore),
and rat anti-Maelstrom (1:2000; this study). Anti-guinea pig
(1:3000; DakoCytomation), anti-mouse, anti-rat, and anti-rabbit
(1:5000; Bio-Rad) HRP-conjugated immunoglobulins were used as
secondary antibodies.
Immunostaining
For whole mount immunostaining, polyps were relaxed in 2%
urethane for 1 min and ﬁxed in 4% paraformaldehyde (PFA) in
culture medium for 15 min. After three washes with PBX [phos-
phate-buffered saline (PBS) containing 0.2% Triton X-100], animals
were blocked for 30 min with 5% normal goat serum (NGS) in PBX.
The samples were incubated overnight at 4 1C in primary anti-
bodies diluted in PBX containing 0.5% BSA. The polyps were
washed three times with PBX and incubated for 4 h at room
temperature in secondary antibodies diluted in PBX containing
0.5% BSA. The samples were stained with DAPI and mounted in
Vectashield (Vector Laboratories).
Maceration was performed according to (David, 1973). Cells
were ﬁxed in 4% PFA for 15 min, spread on positively charged glass
slides, and dried for several hours. After PBX washes, the cells
were preabsorbed with 5% NGS in PBX for 15 min, washed with
PBX, and incubated for 1 h at room temperature with primary
antibodies diluted in PBX. The slides were then washed with PBX
and incubated for 1 h at room temperature with secondary
antibodies in PBX. The cells were stained with DAPI and mounted
in Vectashield.
Maceration of egg patches and testes was performed by ﬁrst
dissecting them from H. vulgaris (AEP) polyps. Dissected egg
patches and testes were placed in 20 μl of maceration solution
on positively charged glass slides for 15 min with occasional
agitation. The dissociated cells were then ﬁxed and immunos-
tained as described above.
For whole-mount immunostaining, the following antisera and
primary antibodies were used: rabbit anti-Hywi (1:10,000; this
study), guinea pig anti-Hyli (1:10,000; this study), and chicken
anti-GFP (1:200; Abcam). The following antisera and primary
antibodies were used on macerated cells: guinea pig anti-Hywi
(1:2000; this study), rabbit anti-Hywi (1:5000; this study), guinea
pig anti-Hyli (1:5000; this study), rabbit anti-Hywi (1:2000; this
study), mouse monoclonal B-5-1-2 anti-α-Tubulin (1:500; Sigma-
Aldrich), chicken anti-GFP (1:200; Abcam), mouse monoclonal
39C7 anti-Nuclear Pore Complex Protein (1:200; Abcam), rat anti-
Maelstrom (1:50; this study), and guinea pig anti-TDRD9 (1:2000;
this study). Secondary antibodies used are as follows: anti-guinea
pig, anti-mouse, anti-rabbit, anti-chicken, and anti-rat IgG con-
jugated to Alexa Fluor 488, 555, or 633 (1:400; Molecular Probes).
A Carl Zeiss LSM 5 Exciter Upright microscope was used for
confocal image acquisition, and the images were processed in
Adobe Photoshop.
Antibody blocking assays
Antibodies were incubated with His-tagged or GST-tagged
antigens [puriﬁed using Ni Sepharose High Performance (Amer-
sham Biosciences) or Glutathione Sepharose 4B (GE Healthcare),
respectively] in PBS for 1 h at room temperature and used as usual
for western blotting. When used for immunostaining, however,
antigens from the antibody–antigen solution formed large aggre-
gates throughout the cytoplasm, nuclei, and/or nucleoli; therefore,
Ni Sepharose or Glutathione Sepharose 4B agarose beads were
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used to remove excess His-tagged or GST-tagged antigens, respec-
tively, and antibody–antigen complexes before immunostaining.
Two-step RT-PCR and qRT-PCR
Total RNA was extracted from H. magnipapillata (sf-1 strain)
polyps using Trizol (Invitrogen) and DNA was eliminated with
TURBO DNA-free (Ambion) in accordance with the manufacturers'
instructions. Reverse transcription was performed with Oligo
(dT)20 and SuperScript III Reverse Transcriptase (Invitrogen). For
qRT-PCR, 25 ng of cDNA was used per 30 μl reaction (three 10 μl
technical triplicates) with the KAPA SYBR FAST ABI Prism kit (Kapa
Biosystems Inc.) and performed on an ABI 7900HT Fast Real-Time
PCR System (Applied Biosystems). Three biological replicates and
three technical replicates were performed for each primer set
[primers 27–38 (Table S2)]. Primer efﬁciencies were ascertained
according to (Bookout et al., 2006). Relative mRNA levels were
determined by the 2–ΔΔCT method (Livak and Schmittgen, 2001)
and normalized against actin or HyEF1α.
Quantitative image analysis
The number and total volume of Hywi and Hyli foci per GSC or
MPSC, as well as the extent of colocalization between the two
proteins, were determined using Imaris (Bitplane). Spots and
Surface objects were rendered with the background subtraction
option to count foci and calculate the total volume. The Colocali-
zation module was used to determine the degree of colocalization
with automated thresholding set with Costes' approach (Costes
et al., 2004).
Immunoprecipitation
Approximately 100–200 H. magnipapillata (105 strain) polyps
(starved for at least one day) were homogenized in 0.05% NP-40
immunoprecipitation (IP) buffer [150 mM NaCl, 50 mM Tris (pH
8.0), 0.05% NP40] or HEPES IP buffer [30 mM HEPES-KOH (pH 7.3),
2 mM magnesium acetate, 150 mM potassium acetate, 5 mM
dithiothreitol, 0.1% NP40] supplemented with an EDTA-free pro-
tease inhibitor cocktail tablet (Roche). The homogenate was
centrifuged to pellet the debris, and the supernatant was pre-
absorbed twice with equilibrated Protein G plus/Protein A agarose
suspension beads (Calbiochem). Antibodies were coupled to the
equilibrated beads for 3 h. The antibody-bead complexes were
incubated with pre-absorbed extract overnight. After six washes,
the beads were boiled in 2 SDS sample buffer for 5 min to
uncouple the proteins. The entire procedure was performed on ice
or at 4 1C. Western blotting was performed on the eluted proteins
as described above.
Small RNA library preparation and sequencing
Total RNA was extracted from H. magnipapillata (105 strain)
polyps (starved for at least one day) with Trizol (Invitrogen)
following the manufacturer's instructions. For the extraction of
Hywi-bound RNAs, Hywi was immunoprecipitated with HEPES
buffer as described above, with Protector RNase Inhibitor (Roche)
added during homogenization, and RNAs associated with Hywi
were obtained through Trizol extraction. cDNA libraries were
generated for all samples, size-selected for 15–40 nt RNAs
(135–160 bp) using the TruSeq Small RNA kit (Illumina), and then
subjected to sequencing on the Illumina HiSeq 2000 platform
(performed by Macrogen Inc., Seoul). Approximately 70–120
million reads were obtained for each sample. The FASTX-Toolkit
was used to trim sequencing adapters from the sequenced reads
(performed by Macrogen Inc., Seoul) and to remove sequencing
artifacts and reads with low-quality scores before performing
bioinformatics analysis. Sequenced reads (adapters trimmed) from
size-selected total RNA and Hywi-bound RNAs are deposited
under NCBI BioSamples SAMN02315611 and SAMN02316118,
respectively.
Bioinformatics analysis
The H. magnipapillata (105 strain) genome h7 (CA) assembly
and the annotated transcript library (rna.fa.gz from ftp://ftp.ncbi.
nih.gov/genomes/Hydra_magnipapillata/RNA/) were obtained
from NCBI. The ﬁnal ReAS (Recovery of Ancestral Sequences for
Transposable Elements) assembled transposon library was pro-
vided by Oleg Simakov (Chapman et al., 2010). Reads were
mapped to the genome and annotated transcripts using Bowtie
(Langmead et al., 2009) allowing zero mismatches. The alignment
of reads to transposon sequences was performed with Bowtie,
allowing two mismatches. Samtools (Li et al., 2009) and BEDTools
(Quinlan and Hall, 2010) were employed during the analysis of the
alignments.
To achieve precise ping-pong signature values, overlaps were
assessed by analyzing all piRNAs mapped to each transposon
sequence individually rather than collectively.
The primary to secondary piRNA ratio (P/S piRNA ratio) was
calculated by dividing the number of piRNAs with a 50 U and
without a 10th A (presumptive primary piRNAs) by the number of
piRNAs with a 10th A and without a 50 U (presumptive secondary
piRNAs) (Aravin et al., 2008). This method does not take into
consideration reads with both a 50 U and a 10th A, as these reads
cannot be classiﬁed as either primary or secondary piRNAs (Aravin
et al., 2008).
Ping-pong ratios were determined for each transposon or
annotated transcript individually and calculated by dividing the
number of piRNAs mapped to a particular sequence that possess
the ping-pong signature (10-nt 50 end overlap) by the total
number of piRNAs aligned to that sequence, thus reﬂecting the
proportion of mapped reads that have a 10-nt 50 end overlap with
one or more reads.
To identify contigs that may contain potential piRNA clusters,
total piRNAs were mapped uniquely to the genome, and 406
contigs were determined to have more than 5000 mapped piRNAs,
and a coverage of more than 2000 nt per contig. We selected ten
contigs with piRNAs mapped to both strands, ten contigs with
piRNAs predominantly mapped to the minus strand, and ten
contigs with piRNAs predominantly mapped to the plus strand
based on criteria such as the number of reads mapped, coverage
(number of nucleotides with mapped reads), and percent coverage
(percentage of nucleotides with mapped reads). RepeatMasker
was used to identify putative transposons on the 30 selected
contigs (http://www.repeatmasker.org) (Jurka et al., 2005; Tarailo-
Graovac and Chen, 2009).
Results and discussion
Hydra PIWI proteins are conserved throughout metazoans
The Hydra genome contains two piwi genes, piwi1 and piwi2,
hereafter referred to as hywi and hyli, respectively (Krishna et al.,
2013; Nishimiya-Fujisawa and Kobayashi, 2012). Both piwi genes
encode proteins with three highly conserved domains that are
characteristic of Argonaute proteins, namely, the PAZ, MID, and
PIWI domains, and a less well-conserved N-terminal region
(Fig. 1C and S1A) (Jinek and Doudna, 2009; Juliano et al., 2011;
Song et al., 2004). Hywi and Hyli share an overall sequence
identity of 44%, with the PAZ, MID, and PIWI domains displaying
R.S.M. Lim et al. / Developmental Biology 386 (2014) 237–251240
50%, 45%, and 60% sequence identity, respectively (Fig. 1C).
By contrast, the more variable N-terminal domain has a lower
percent identity of 37%. Phylogenetic analysis revealed that Hywi
and Hyli are more similar to vertebrate, urochordate, and echino-
derm PIWI proteins than to most ecdysozoan or lophotrochozoan
PIWI proteins (Fig. 1D and S1B). The identities between Hydra
PIWI proteins and those of mouse are 42–57%, whereas a lower
range of percentage identities was observed with Drosophila and
mouse PIWI proteins (38–50%) as well as those of Caenorhabditis
elegans and mouse PIWI proteins (39–43%). These results are
consistent with previous observations that, in general, cnidarian
protein sequences are more akin to vertebrate sequences than to
those from ﬂy or worm (Kortschak et al., 2003).
Hywi and Hyli are predominantly expressed in interstitial stem cells
and female germline cells
Both Hydra piwi genes are transcribed in epithelial cells and
I-cells, with appreciably higher mRNA levels in I-cells (Hemmrich
et al., 2012; Nishimiya-Fujisawa and Kobayashi, 2012). To study the
expression and localization of Hydra Hywi and Hyli proteins, we
generated polyclonal antibodies against H. magnipapillata Hywi
and Hyli. Both antibodies detected proteins of 100 kDa on
western blots of protein extracts (Fig. 2A). This size corresponds
to the expected molecular weights of Hywi (101.03 kDa) and Hyli
(104.16 kDa). Probing the antibodies against PIWI antigens and
antibody blocking assays showed that neither antibody cross-
reacts with the other PIWI paralog (Fig. S2A and B). To examine
the expression pattern of both proteins, we performed whole-
mount immunostaining. Cells with high levels of both proteins
were distributed along the body column but were absent in the
foot, head, and tentacles (Fig. S3A).
The distribution pattern of PIWI-positive cells throughout the
polyp was comparable to that of I-cells as shown by in situ
hybridization with the speciﬁc I-cell marker, Cnnos1 (Hydra
ortholog of nanos), suggesting that these PIWI-positive cells are
I-cells (Mochizuki et al., 2000; Nishimiya-Fujisawa and Kobayashi,
2012). To determine the identity of the PIWI-positive cells, we
Fig. 2. Hywi and Hyli are present in I-cells as distinct perinuclear foci. (A) Western blotting of H. magnipapillata (105 strain) and H. vulgaris (Zürich strain) protein extracts
with anti-Hywi and anti-Hyli antibodies detected proteins of the expected size (Hywi: 101.03 kDa; Hyli: 104.16 kDa). Hywi degradation products (line) and non-speciﬁc
binding of anti-Hyli (asterisks) were determined through antibody blocking (see Fig. S2B). (B) Wideﬁeld images of macerated cells stained for Hywi (green), Hyli (red), and
DNA (blue). Hywi and Hyli puncta are predominantly enriched in the I-cells (orange solid outline) and diminish in differentiating nematocytes (orange dashed outlines) and
gland cells (orange dotted outlines). PIWI protein foci are less conspicuous in both ectodermal (yellow dashed outline, representative cell) and endodermal (yellow dotted
outline, representative cell) epithelial cells. Additional DAPI-stained structures in endodermal epithelial cells are food vacuoles (David, 1973). Close up of selected cells are
displayed alongside. (C) Projection of two confocal slices showing macerated I-cells stained for Hywi (green), Hyli (red/green), nuclear pore complex protein (magenta), and
DNA (blue). Hywi and Hyli localize to perinuclear regions. Scale bars: 20 μm in B; 10 μm in C.
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immunostained H. magnipapillata (105 strain) cells dissociated by
the maceration technique, a method by which cells types can be
distinguished based on morphology (David, 1973). Hywi and Hyli
were observed as foci predominantly in I-cells but were less
readily detectable in epithelial cells (Fig. 2B). Nematocytes, gland
cells, and nerve cells are somatic cells that differentiate from
MPSCs, and these differentiated cells were devoid of Hywi and
Hyli, implying that PIWI proteins have a functional role in
undifferentiated stem cells but not in differentiated cells (Fig. 2B,
S3B and C). Staining of cells from transgenic H. vulgaris (AEP)
polyps that express eGFP in MPSCs with anti-Hywi and anti-Hyli
veriﬁed these results (Fig. S3D) (Hemmrich et al., 2012). Since faint
PIWI protein expression was detected in epithelial cells (Fig. 2C),
we examined the levels of piwi mRNA in epithelial cells by
quantitative real-time PCR (qRT-PCR) on H. magnipapillata sf-1
mutants that lose I-cells at higher temperatures (Marcum et al.,
1980). Cultivating sf-1 polyps over three days at the restrictive
temperature (28 1C) resulted in a severe loss of the I-cell marker,
Cnnos1 (88% reduction), indicating that this duration is sufﬁcient
to deplete most I-cells, especially MPSCs (Fig. S3E) (Marcum et al.,
1980; Nishimiya-Fujisawa and Kobayashi, 2012). Likewise, the
expression levels of hywi and hyli, but not the control epithelial
marker GFAT2 (Hwang et al., 2007), were signiﬁcantly reduced by
73% and 75%, respectively, during the temperature shift
duration, albeit not to the same extent as Cnnos1 (Fig. S3E).
Consistent with previous observations, this result suggests that
Hydra piwi genes are predominantly expressed in I-cells but are
present at lower levels in epithelial cells (Nishimiya-Fujisawa and
Kobayashi, 2012). The general expression of piwi genes in all
mitotic cell types suggests that piwi genes may play broader roles
in actively dividing cells in Hydra, consistent with reports that piwi
genes are transcribed in the actively proliferating cells and stem
cells of some non-bilaterians (Alié et al., 2011; Denker et al., 2008;
Funayama et al., 2010; Hemmrich et al., 2012; Seipel et al., 2004).
In fact, there are lines of evidence pointing to the involvement of
some PIWI proteins in mitosis (Cox et al., 2000; Pek and Kai, 2011).
At the subcellular level, both Hywi and Hyli localized to cyto-
plasmic foci in I-cells, most of which displayed a perinuclear
distribution that was absent in controls (Fig. 2C and S4A). To verify
the speciﬁcity of anti-Hywi and anti-Hyli antibodies in immunohis-
tochemistry applications, we blocked the antibodies with His-tagged
Hywi and Hyli antigens. When the antibodies were blocked with
their respective antigens, distinct perinuclear granules were no
longer visible, indicating that the observed foci were speciﬁcally
detected by the antibodies (Fig. S4B). Furthermore, anti-PIWI anti-
bodies generated in different animals co-stained the same foci,
conﬁrming accurate target recognition (Fig. S4C). The localization
pattern of Hywi and Hyli was highly reminiscent of the nuage, a
perinuclear organelle found in germline cells that has been proposed
to be a site of post-transcriptional piRNA-mediated transposon
silencing and ampliﬁcation of piRNAs via the ping-pong cycle
(Brennecke et al., 2007; Li et al., 2009; Lim and Kai, 2007; Malone
et al., 2009). PIWI protein puncta in epithelial cells also exhibited a
nuage-like distribution but were substantially smaller than those in
I-cells (Fig. 2B). Consistent with our observation, recent transmission
electron micrographs of Hydra epithelial cells revealed the presence
of electron-dense bodies that are similar to the nuage, indicating that
the nuage may be a feature of cells with indeﬁnite mitotic potential
in Hydra (Hobmayer et al., 2012).
I-cells consist of two subpopulations: MPSCs, which can differ-
entiate into both somatic cells and GSCs, and GSCs, which strictly
give rise to germline cells (Fig. 1B) (David, 2012; Nishimiya-
Fujisawa and Kobayashi, 2012). We distinguished MPSCs and GSCs
on the basis that the former tend to occur as single cells or in pairs,
whereas the latter are present as nests of more than two cells
(Nishimiya-Fujisawa and Kobayashi, 2012; Nishimiya-Fujisawa
and Sugiyama, 1995). Additionally, the microtubule bundles that
span the cytoplasmic bridges connecting MPSC pairs and GSC
nests (Dübel and Little, 1988; Slautterback, 1963) are distinctively
thicker in GSCs than in MPSCs, permitting further veriﬁcation of
I-cell subtype (Fig. S5A). We analyzed these two subpopulations to
identify potential variations in the expression and localization
patterns of Hywi and Hyli. Hywi and Hyli puncta were more
numerous, bigger, and more intense in GSCs than in MPSCs (Fig.
S5A and B). Quantitative image analysis conﬁrmed that the
average number of Hywi and Hyli foci in each cell was greater in
GSCs than in MPSCs (Hywi: 30.5712.3 vs 17.475.1; Hyli:
28.879.4 vs 10.573.8) (Fig. S5C). Furthermore, the total volumes
of Hywi and Hyli foci per cell were larger in GSCs than in MPSCs
(Hywi: 55.2 μm3723.9 μm3 vs 14.2 μm376.5 μm3; Hyli:
71.5 μm3721.5 μm3 vs 12.5 μm373.9 μm3) (Fig. S5D), verifying
that both PIWI proteins are more abundant in GSCs. These results
are in accordance with previous in situ hybridization observations
showing higher piwi mRNA expression in GSCs than in MPSCs,
suggesting that piwi genes may have important roles in the Hydra
germline (Nishimiya-Fujisawa and Kobayashi, 2012). Because GSCs
and MPSCs appeared to exhibit different extents of Hywi and
Hyli colocalization (Fig. S5B), we quantiﬁed the degree of overlap
between the two PIWI proteins in these cell types. Hywi
colocalized with Hyli to a greater extent in GSCs (55.9%79.1%
material colocalized; Mander's coefﬁcient 0.3870.06) than in
MPSCs (36.7%77.9% material colocalized; Mander's coefﬁcient
0.2470.08) (Fig. S5E and F). Likewise, Hyli overlapped with Hywi
to a larger degree in GSCs (56.8%73.4% material colocalized;
Mander's coefﬁcient 0.4070.08) compared to MPSCs (37.4%
710.7% material colocalized; Mander's coefﬁcient 0.2470.11)
(Fig. S5E and F).
Next, we examined the expression patterns of Hywi and Hyli in
the germline using H. vulgaris (AEP) polyps, which readily enter the
sexual phase under laboratory conditions. As a Hydra egg patch
matures, different types of germline cells (GCs) progressively emerge:
GCI cells, which that are akin to I-cells; GCII cells, which are in pre-
meiotic S phase; GCIII cells, which have completed DNA replication;
and GCIV cells, which are in early prophase I (Alexandrova et al.,
2005). Eventually, one GCIV cell advances to become the oocyte. The
oocyte grows by receiving cytoplasm from GCIII and GCIV cells and
phagocytizes apoptotic GCIII and GCIV cells that have undergone
cytoplasmic dumping. Immunostaining of macerated egg patches
revealed the presence of Hywi and Hyli foci in all GC types (Fig. S6A).
Although Hywi and Hyli puncta in most GCI and GCII cells were in
close proximity to the nuclear envelope, many of the larger foci in
GCIII and GCIV cells adopted a non-perinuclear cytoplasmic localiza-
tion, similar to what has been reported for the Drosophila PIWI
proteins Aubergine and Argonaute3 in progressive stages of egg
chambers (Lim et al., 2009). Numerous PIWI granules were present
in the oocyte cytoplasm and were likely deposited by nurse cells
(GCIII and GCIV cells) via cytoplasmic bridges (Fig. S6A, stage 3b
oocyte, bottom panel, arrowhead) (Alexandrova et al., 2005). Many
Hywi and Hyli foci colocalized in all female germline cell types.
Similarly, in testicular germline cells, both proteins colocalized
substantially (Fig. S6B). As spermatogenesis progressed, however,
the number and intensity of puncta decreased until a single focus
remained in early round spermatids (Fig. S6B). These solitary PIWI
foci were not detected during later stages of spermiogenesis and
were similar in appearance to the chromatoid bodies of murine
round spermatids, to which PIWI proteins localize (Fig. S6B) (Kotaja
et al., 2006; Unhavaithaya et al., 2009). In fact, electron-dense bodies
akin to murine chromatoid bodies have been described in Hydra
spermatids, suggesting the possibility that Hywi and Hyli localize to
an organelle in Hydra spermatids that may be functionally homo-
logous to chromatoid bodies (Moore and Dixon, 1972; Weissman
et al., 1969).
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Other conserved nuage components localize with PIWI proteins to the
perinuclear region in interstitial stem cells
In addition to PIWI proteins, many proteins that localize to the
nuage are evolutionarily conserved. Maelstrom (Mael) is one such
protein and functions in the piRNA pathway to repress transpo-
sons (Findley et al., 2003; Lim and Kai, 2007; Sienski et al., 2012;
Soper et al., 2008). Antibodies that we generated against Hydra
Mael detected discrete perinuclear puncta that overlapped with
Hywi and Hyli foci in I-cells (Fig. 3A). The speciﬁcity of the
antibody was demonstrated through antibody blocking experi-
ments (Fig. S7A). In addition to Mael, we found that the Hydra
Tudor domain protein TDRD9 colocalized with PIWI proteins
(Fig. 3B). Previous studies in bilaterians have shown that TDRD9
and other Tudor domain proteins physically interact with PIWI
proteins in the nuage and participate in piRNA biogenesis and
transposon silencing (Malone et al., 2009; Patil and Kai, 2010;
Shoji et al., 2009; Siomi et al., 2011). Hydra TDRD9 antibodies that
we generated immunostained puncta around the nuclei of I-cells
that typically overlapped with both Hywi and Hyli foci (Fig. 3B).
The antibodies were determined to be speciﬁc through antibody
blocking experiments (Fig. S7B). Taken together, these results
support the perinuclear nuage localization of Hydra PIWI proteins
and conserved nuage components and suggest that their nuage
localization predates the divergence of bilaterians.
Symmetrical dimethylation of arginine residues on PIWI proteins is
conserved in Hydra
A distinctive evolutionarily conserved feature of PIWI proteins in
bilaterians is the presence of symmetrically dimethylated arginine
(sDMA) residues at their N-termini (Kirino et al., 2009; Nishida et al.,
2009; Rouhana et al., 2012). sDMAs on PIWI proteins are recognized
and bound by Tudor domain-containing proteins, and this associa-
tion has been shown to promote nuage assembly and proper piRNA
loading (Chen et al., 2011; Kirino et al., 2009; Nishida et al., 2009;
Reuter et al., 2009; Rouhana et al., 2012; Vagin et al., 2009).
Consistent with this, we found eight and two potential sDMA sites
in Hywi and Hyli, respectively, in the N-terminal region (Fig. S8A)
(Brahms et al., 2001; Rouhana et al., 2012). Immunostaining with the
anti-sDMA antibodies Y12 and SYM11 revealed discrete foci close to
the nucleus that colocalized with Hywi and Hyli puncta in I-cells
(Fig. 4A and B), suggesting that sDMA-modiﬁed proteins are enriched
in the Hydra nuage. Western blot analysis of polyp lysates with anti-
sDMA antibodies detected various proteins, including a predominant
100-kDa protein band (Fig. S8B). This size corresponds to the size
Fig. 3. Other evolutionarily conserved nuage components localize to the perinuclear region in I-cells along with both PIWI proteins. (A) Projection of two confocal slices
showing macerated I-cells stained for Mael (green), Hywi (red), Hyli (magenta), and DNA (blue). Mael and both PIWI proteins accumulate in close proximity to each other
around the nucleus. (B) Projection of 3–4 confocal slices showing macerated I-cells stained for TDRD9 (green), Hywi/Hyli (red), and DNA (blue). TDRD9 and the PIWI proteins
colocalize at perinuclear granules. Scale bars: 10 μm.
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of Hydra PIWI proteins, suggesting that either one or both proteins
contain sDMA modiﬁcations. To validate this hypothesis, Hywi and
Hyli immunoprecipitated from polyp lysates were assessed for sDMA
modiﬁcations. Anti-Hywi and anti-Hyli antibodies detected a
100 kDa band in the Hywi and Hyli immunoprecipitates, respec-
tively, corresponding to the molecular weights of these two PIWI
proteins, and this band was absent in the IgG controls, conﬁrming
successful immunoprecipitation (Fig. 4C). Probing the same immu-
noprecipitates with the Y12 or SYM11 antibodies revealed bands of
100 kDa that matched the size of the PIWI proteins, strongly
suggesting that Hywi and Hyli harbor sDMA modiﬁcations
(Fig. 4C). These observations suggest that sDMA modiﬁcations are
an ancestral feature of PIWI proteins that was established to aid in
nuage assembly.
Hydra piRNAs map to transposons and exhibit ping-pong signature
Putative piRNAs have been reported in Hydra, although true
piRNAs bound to PIWI proteins have yet to be identiﬁed (Krishna
et al., 2013). To this end, we performed deep sequencing of size-
selected small RNAs (15–40 nt) from total RNA and Hywi-bound
RNA (Fig. S9A and B). We found that 73.2% and 93.7% of reads from
the total small RNA library and the Hywi-bound RNA library,
respectively, mapped to the Hydra genome. The majority of total
(89.9%) and Hywi-bound small RNAs (74.9%) corresponded to the
expected size of Hydra piRNAs (25–32 nt) (Fig. 5A) (Krishna
et al., 2013). To determine the proportion of miRNAs present in
both samples, we mapped all sequenced reads to predicted Hydra
miRNA precursors (Krishna et al., 2013). We found that 1.648%
Fig. 4. Hydra PIWI proteins possess symmetrically dimethylated arginine (sDMA) residues. (A and B) Projection of 2–4 confocal slices showing macerated I-cells stained for
Hywi (red/green), Hyli (red), sDMA modiﬁcations [Y12 (A) or SYM11 (B) (green)], and DNA (blue). Anti-sDMA foci colocalize with both PIWI proteins. Scale bars: 10 μm.
(C) Immunoprecipitation of Hywi and Hyli from H. magnipapillata (105 strain) lysate, followed by probing with anti-sDMA antibodies.
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of total small RNAs mapped to miRNA precursors, of which 96.4%
were 21–22 nt long, similar to Hydra miRNA lengths reported in
Krishna et al. (2013). By contrast, only 0.002% of Hywi-bound RNAs
aligned to with miRNA precursors, of which 80% were 21–22 nt
long. This strongly suggests that Hywi does not favorably bind to
miRNAs.
As piRNAs are known to repress transposons and thus bear
sequence similarity to these genetic elements, we mapped total
and Hywi-bound small RNAs to computationally identiﬁed transpo-
sons (Krishna et al., 2013). We found that 36% of 25–30 nt reads from
the total small RNA library and 33.8% of 25–32 nt reads from the
Hywi-bound small RNA library mapped to transposon sequences
(Fig. 5B). To account for piRNAs that are likely enriched for associa-
tion with Hyli, transposon-matching Hywi-bound RNAs were sub-
tracted from the transposon-matching total small RNAs, and the
resulting set of presumptive piRNAs was termed “subtracted” RNAs.
The majority of subtracted RNAs were 25–29 nt long (Fig. 5B). The
size proﬁles of 25–32 nt Hywi-bound RNAs (mean: 28.7, median: 29)
and subtracted RNAs (mean: 27.3, median: 27) suggest that Hydra
PIWI proteins may preferentially bind different lengths of piRNAs
(Fig. 5B). Differences in the size proﬁles of piRNAs bound to different
PIWI proteins have been documented in other organisms (Brennecke
et al., 2007; Girard et al., 2006; Zheng et al., 2010). To determine
whether Hydra small RNAs could potentially be derived from or
target annotated transcripts, we mapped the small RNA reads to two
annotated transcript libraries: the UniGene library and the RNA
library. We found that 5% and 12% of small RNAs (both total
and Hywi-bound) aligned to the UniGene library and the RNA library,
respectively, of which most were 25–32 nt long (Fig. 5C). Both total
and Hywi-bound small RNAs mapped to transposons with greater
frequency (for every kb of the library) than to the genome or
annotated transcripts, suggesting that transposons are a major target
of 25–30 nt RNAs in Hydra (Fig. 5D). Henceforth, we refer to 25–30 nt
RNAs from the total RNA sample as “total piRNAs” and 25–32 nt
RNAs from the Hywi-bound and subtracted samples as “Hywi-bound
piRNAs” and “subtracted piRNAs”, respectively.
piRNAs can be ampliﬁed through the ping-pong cycle. Transpo-
sons or transcripts that are antisense to transposons are cleaved by
PIWI proteins bound to primary piRNAs that harbor a U at the 50 end,
yielding secondary piRNAs bearing a 10-nt sequence complementar-
ity to primary piRNAs and an A at the 10th nucleotide position
(known as the ping-pong signature) (Aravin et al., 2008; Brennecke
et al., 2007; Gunawardane et al., 2007). To examine the prevalence of
the ping-pong signature in Hydra piRNAs, we ﬁrst analyzed the
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Fig. 6. Hydra piRNAs exhibit ping-pong signature. (A) Frequencies of 2- to 30-nt overlaps between sense and antisense small RNAs aligned to transposons from total (top, 25–30 nt
RNAs), Hywi-bound (middle, 25–32 nt RNAs), and subtracted piRNAs (bottom, 25–32 nt RNAs). (B) Nucleotide identity at each read position of transposon-mapping total (left), Hywi-
bound (middle), and subtracted (right) piRNAs. (C) Nucleotide identity at each read position of transposon-mapping 25–30 nt sense (top) and antisense (bottom) RNAs with 10-nt
overlaps from total piRNAs. (D) Nucleotide identity at each read position of transposon-mapping 25–30 nt sense (top) and antisense (bottom) RNAs without 10-nt overlaps from total
piRNAs. (E) Nucleotide identity at each read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs with 10-nt overlaps from Hywi-bound piRNAs.
(F) Nucleotide identity at each read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs without 10-nt overlaps from Hywi-bound piRNAs.
(G) Nucleotide identity at each read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs with 10-nt overlaps from subtracted piRNAs. (H) Nucleotide
identity at each read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs without 10-nt overlaps from subtracted piRNAs. (I) Ratio of primary (with 50 U
and without 10th A) to secondary (with 10th A and without 50 U) piRNAs for sense, antisense, and combined (sense and antisense) Hywi-bound (orange) and subtracted (purple)
piRNAs that mapped to transposons.
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overlaps between sense and antisense transposon-matching piRNAs.
Of all pairs with 2- to 30-nt overlaps at the 50 end, piRNA pairs with
10-nt overlaps were the most frequent in all samples (Fig. 6A). We
found that 48% of total, 29.1% of Hywi-bound, and 34.2% of
subtracted piRNAs that were mapped to transposons exhibited
10-nt overlaps. This result suggests that piRNA ping-pong ampliﬁca-
tion may occur between all possible combinations of partners:
Hywi–Hyli, Hywi–Hywi, and Hyli–Hyli.
Next, we investigated another feature of the ping-pong signature:
the tendency for U residues at the 50 end of primary piRNAs and A
residues at the 10th position of secondary piRNAs. Approximately
90% of the total and Hywi-bound piRNAs harbored 50 U residues
(Fig. 6B). Subtracted piRNAs were enriched for 50 U residues and
displayed a preference for A at the 10th position (Fig. 6B). Next, we
separately analyzed transposon-matching piRNAs that contain 10-nt
50 overlaps and those that do not. Total and Hywi-bound piRNAs with
10-nt overlaps exhibited a moderate preference for A at the 10th
position, whereas those without 10-nt overlaps did not show this
bias (Fig. 6C–F). Interestingly, both sense and antisense subtracted
piRNAs with 10-nt overlaps exhibited a distinct preference for A at
the 10th position, with considerably less 50 U bias than total and
Hywi-bound piRNAs (Fig. 6G). For reads without 10-nt overlaps, the
enrichment of A at the 10th position was reduced (Fig. 6H). These
results suggest that Hywi preferentially associates with primary
piRNAs, whereas presumptive Hyli-enriched piRNAs tend to be
secondary piRNAs. To validate this hypothesis, we assessed the ratio
of presumptive primary (P) to secondary (S) piRNAs (P/S piRNA ratio)
among Hywi-bound and subtracted piRNAs (see Materials and
methods) (Aravin et al., 2008). Hywi was 28 times more likely to
associate with presumptive primary piRNAs than secondary piRNAs
(Fig. 6I). In contrast, subtracted piRNAs contained only 1.4 times
more presumptive primary piRNAs than secondary piRNAs (Fig. 6I),
supporting the hypothesis that Hywi and Hyli may favorably bind
primary and secondary piRNAs, respectively. For both Hywi-bound
and subtracted piRNAs, sense and antisense piRNAs had similar P/S
piRNA ratios (Fig. 6I). This result implies that primary processing is
unlikely to show a preference toward either sense or antisense
transposon transcripts as substrates. However, as whole polyps were
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used for RNA immunoprecipitation, we cannot exclude the possibility
that different PIWI-expressing cell types (MPSCs, GSCs, and epithelial
cells) may possess a bias towards utilizing different transcripts during
primary processing. In Drosophila ovaries, primary piRNAs are gen-
erally processed from piRNA precursors that give rise to antisense
piRNAs, whereas in mouse testes, primary piRNAs tend to be derived
from sense transposon transcripts (Aravin et al., 2008; Brennecke
et al., 2007).
We subsequently determined the ping-pong ratios for each
transposon or annotated transcript (see Materials and methods).
The majority of transposons had mappable piRNAs containing 10-nt
overlaps (Fig. 7A). By contrast, a much smaller proportion of
annotated transcripts had mappable piRNAs with 10-nt overlaps
(Fig. 7A). This result suggests that piRNAs targeting transposons are
more likely to undergo ping-pong ampliﬁcation than those targeting
annotated transcripts, supporting the hypothesis that transposons
are a major target of the piRNA pathway in Hydra. To compare the
ping-pong ratios of individual transposons between samples, we
plotted the ping-pong ratios of the transposon sequences mapped
with Hywi-bound or subtracted piRNAs against the ping-pong ratios
of the same sequences when mapped with total piRNAs. These
scatter plots revealed that total piRNAs aligned to most transposons
had stronger ping-pong signatures than either Hywi-bound or
subtracted piRNAs mapped to the same transposons (Fig. 7B). Taken
together, these results suggest that Hywi and Hyli may participate as
partners to enhance piRNA biogenesis, and we propose that Hywi
and Hyli are likely to be preferentially associated with primary and
secondary piRNAs, respectively. Ping-pong ampliﬁcation necessitates
the spatial proximity of participating PIWI proteins. Thus, our
observation of greater Hywi and Hyli colocalization in GSCs than in
MPSCs raises the intriguing possibility that ping-pong relationships
between Hywi and Hyli are more prevalent in GSCs (Fig. S5E and F).
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Together with our data showing the persistence of Hydra PIWI
proteins in the female germline and accumulation in the oocyte
(Fig. S6A), these results suggest that there may be greater piRNA
pathway activity in the germline to ensure genomic integrity in
embryos. In Drosophila ovaries, the ping-pong cycle operates in the
germline but not in somatic follicle cells, supporting the speculation
that piRNA ampliﬁcation is more prominent in the Hydra germline
(Li et al., 2009; Malone et al., 2009). It will be interesting to examine
the extent to which ping-pong ampliﬁcation occurs in Hydra MPSCs
and GSCs.
piRNAs arise from unidirectionally transcribed genomic clusters
and are antisense to transposons
To locate piRNA clusters in the Hydra genome, we examined
total piRNAs uniquely mapped to the genome. We identiﬁed 406
contigs with more than 5000 mapped piRNAs, and a coverage of
over 2000 nt per contig. Thirty contigs with high coverage were
then selected for further analysis. In most cases, stretches of
genomic regions contained piRNAs that map to either strand of
the contig, indicating that piRNA clusters are predominantly uni-
directionally transcribed in Hydra (Fig. 8A–C), as reported in Krishna
et al. (2013). This apparent strand asymmetry of piRNA clusters is
consistent with those observed in various organisms such as mouse,
zebraﬁsh, and planaria (Aravin et al., 2006; Friedländer et al., 2009;
Houwing et al., 2007). Although Drosophila melanogaster germline
piRNA loci mostly give rise to piRNAs on both genomic strands
within the same regions (Brennecke et al., 2007), this phenomenon
of “true bidirectionality” has not been reported other animals. In
fact, research suggests that evolutionarily conserved somatic piRNA
loci in drosophilids are predominantly transcribed from only one
genomic strand (Malone et al., 2009). Hence, unidirectional tran-
scription might be a general, unifying feature of piRNA clusters in
many metazoans, including non-bilaterians.
We found that more than 70% of piRNAs mapped to 23 of the
30 selected contigs are antisense to transposon sequences identi-
ﬁed on the respective contigs, suggesting that many piRNAs
originating from piRNA clusters are antisense to transposon
transcripts. To verify that piRNAs mapped to presumptive piRNA
clusters are generally antisense to transposons, piRNA-rich regions
were individually evaluated for transposon orientation. We found
that the majority of transposons in piRNA-rich regions are usually
located on the opposite strand to which most piRNAs mapped
(Fig. 8A–C). Taken together, these results suggest that many
piRNAs derived from piRNA clusters are antisense to transposons
in Hydra, as in the case of mouse and somatic piRNA clusters in ﬂy
(Aravin et al., 2007; Li et al., 2009; Malone et al., 2009).
Conclusions
Our study addresses the gap in knowledge regarding the extent
to which various aspects of PIWI proteins are conserved in earlier
diverging phyla. In this initial report characterizing PIWI proteins
in a non-bilaterian, we show that Hywi and Hyli are predomi-
nantly enriched in I-cells and in the female germline. We report
the nuage localization patterns of conserved piRNA pathway
components in Hydra, and propose that the association of the
piRNA pathway to the nuage is an ancient one. sDMA modiﬁca-
tions on PIWI proteins contribute to proper nuage localization and
piRNA loading (Chen et al., 2011; Kirino et al., 2009; Nishida et al.,
2009; Reuter et al., 2009; Rouhana et al., 2012; Vagin et al., 2009).
Thus, the presence of sDMAs on Hywi and Hyli raises the
possibility that these modiﬁcations were likely established early
in evolution as part of a mechanism for nuage formation and the
proper functioning of the piRNA pathway.
Consistent with results from Krishna et al. (2013), we show that
transposons are a likely target of the piRNA pathway and that the
ping-pong ampliﬁcation cycle is conserved in Hydra. From our
analysis of Hywi-bound piRNAs and putative Hyli-enriched piR-
NAs, we propose that Hywi and Hyli tend to be loaded with
primary and secondary piRNAs, respectively. We show that piRNAs
arising from genomic clusters are mostly antisense to transposons,
suggesting that these piRNAs target transposons through sequence
complementary. Together with a previous investigation on puta-
tive piRNAs from Nematostella vectensis (starlet sea anemone) and
Amphimedon queenslandica (sponge), our study supports the
notion that the prevailing functions and modes of operation of
the piRNA pathway were established at the beginning of metazoan
evolution (Grimson et al., 2008).
The signiﬁcantly higher expression and greater degrees of
colocalization between Hywi and Hyli in GSCs suggest greater
ping-pong ampliﬁcation in the germline. Previous studies in
bilaterians have illustrated the efﬁcacy of the ping-pong cycle in
amplifying piRNAs and in adaptations to combat new transposon
invasions in the germline, emphasizing the need to protect off-
spring from excessive transposon colonization (Aravin et al., 2007;
Khurana et al., 2011; Malone et al., 2009). Although recent
research in Drosophila suggests that the piRNA pathway may be
involved in transposon silencing in non-gonadal tissue, piRNA
expression and post-transcriptional piRNA-mediated transposon
repression are most predominant in the gonads of bilaterians
(Armisen et al., 2009; Girard et al., 2006; Houwing et al., 2007;
Perrat et al., 2013). This has led to the hypothesis that the piRNA
pathway functions in many bilaterians as an additional safeguard
against the vertical transmission of transposons via the germline,
whereas the endogenous siRNA (endo-siRNA) pathway counter-
acts transposons in both the germline and the soma (Ishizu et al.,
2012; Kritikou, 2008; Peng and Lin, 2013; Senti and Brennecke,
2010).
Interestingly, Hywi and Hyli are expressed in epithelial cells,
albeit at much lower levels compared to those in I-cells, raising the
possibility that piRNA-mediated transposon silencing may occur in
these somatic stem cell-like cells. As Hydra are capable of repro-
ducing asexually and are generally believed to be “biologically
immortal”, this mode of propagation permits the generational
inheritance of active transposons through the soma (Martínez,
1998). The nuage-like localization of PIWI proteins in Hydra
epithelial cells may be indicative of an operational piRNA pathway
protecting the genomes of somatic lineages against transposons,
though it remains to be established whether endo-siRNAs perform
similar functions in the Hydra soma as well.
Though studies on PIWI proteins have mainly focused on their
involvement in transposon silencing, other functions of PIWI
proteins have been elucidated (Juliano et al., 2011). For instance,
piwi genes have been implicated in stem cell regulation and
differentiation in various bilaterians (Cox et al., 1998; De Mulder
et al., 2009; Reddien et al., 2005; Rinkevich et al., 2010). Consistent
with this, the presence of PIWI proteins in Hydra stem cells and
their corresponding absence in differentiated somatic cells sup-
ports the hypothesis that bilaterian germline genes could have
ancestral functions in specifying “stemness” (Juliano and Wessel,
2010; Juliano et al., 2010). Our data and those of (Krishna et al.,
2013) show that piRNAs map to annotated transcripts, suggesting
that PIWI proteins may potentially regulate such transcripts.
Taken together, these ﬁndings provide support for the early
evolutionary establishment of PIWI proteins and piRNAs in trans-
poson silencing, and for their early association with the nuage.
Together with lines of evidence from other studies, we also
suggest potential regulatory roles of PIWI proteins in the somatic
stem cells of ancient phyla. These results prompt further investi-
gations in non-bilaterians to unveil more about the early origins,
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as well as the functions, of PIWI proteins and the piRNA pathway
in basal metazoans.
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